[1] We evaluate climatologies of upper tropospheric ozone and nitric acid retrieved from two satellite instruments (ACE-FTS and OSIRIS) with long-term in situ measurements from aircraft (MOZAIC, CR-AVE, PRE-AVE, PEM Tropics, and TC4) and ozonesondes. A global chemical transport model (GEOS-Chem) is used to guide the evaluation and to relate sparse in situ measurements with the satellite retrievals. Both satellite retrievals generally reproduce broad ozone features in the upper troposphere such as summer enhancements in the northern subtropics and larger concentrations over the tropical Atlantic versus the tropical Pacific. These comparisons indicate biases in annual, tropical mean ozone concentrations from both ACE-FTS (10-13%) and OSIRIS (5%) relative to aircraft and ozonesonde observations. More uncertain evidence suggests that nitric acid from ACE-FTS has a positive mean bias of 15%. We demonstrate that an upper limit on the ozone production efficiency in the upper troposphere can be determined using ACE-FTS satellite measurements of O 3 and HNO 3 . The resulting value of 196 (+34, −61) mol/mol is in broad agreement with model simulations. Higher OPE values inferred from ACE-FTS over the tropical Pacific (249 (+21, −68) mol/mol) than the tropical Atlantic (146 (+16, −41) mol/mol) reflect increasing ozone production efficiency with decreasing pollution. This analysis indicates a new capability of satellite observations to provide insight into ozone production in the tropical troposphere. 
Introduction
[2] Ozone (O 3 ) in the tropical troposphere is a key component in atmospheric oxidation processes and has a large radiative forcing of climate [Lacis et al., 1990; Thompson, 1992] . Ozone production in the tropical troposphere is controlled by the supply of nitrogen oxides (NO x = NO + NO 2 ) whose main sink is oxidation to nitric acid (HNO 3 ) [Murphy et al., 1993; Jacob et al., 1996] . Scientific understanding of upper tropospheric ozone is inhibited by sparse measurements in time and space. Well validated satellite observations of HNO 3 and O 3 in the upper troposphere could improve scientific understanding of ozone production and its impact on climate.
[3] Current understanding of upper tropospheric ozone involves a complex interaction of dynamics and photochemical production [Liu et al., 2006; Nassar et al., 2009] . Ozonesonde and aircraft measurements in the upper troposphere indicate low ozone concentrations over marine convective regions and enhanced concentrations over regions of persistent subsidence [Thompson et al., 2003b; Sauvage et al., 2006] . An outstanding question is the efficiency of ozone production by nitrogen oxides during transport in the upper troposphere. Models predict a high ozone production efficiency in the upper troposphere [Sauvage et al., 2007a] , but this result has not been tested with observations. The relationship between O 3 and HNO 3 has been exploited to infer ozone production efficiencies in the lower and middle troposphere [Trainer et al., 1993; Ryerson et al., 1998; Kleinman et al., 2000 Kleinman et al., , 2002 Hudman et al., 2004] . Simultaneous observations of O 3 and HNO 3 from satellites over large spatial scales should offer similar constraints on O 3 production efficiencies in the upper troposphere.
[4] This study focuses on satellite observations of tropical upper tropospheric O 3 and HNO 3 from the Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) and ozone from the Optical Spectrograph and InfraRed Imaging System (OSIRIS). Previous validation experiments for both instruments have largely focused on either higher latitudes, or on the stratosphere where mixing ratios are higher and satellite retrievals are easier [Petelina et al., 2004; von Savigny et al., 2005; McLinden et al., 2007; Hegglin et al., 2008; Wolff et al., 2008; Dupuy et al., 2009] . No detailed validation of ACE-FTS O 3 , ACE-FTS HNO 3 or OSIRIS O 3 with in situ observations throughout the tropical troposphere has been published to date.
[5] The purposes of this study are to (1) evaluate ozone and nitric acid as observed by ACE-FTS and OSIRIS with ozonesonde and aircraft data in the tropical upper troposphere, and (2) examine the information that ACE-FTS provides about the ozone production efficiency. Section 2 describes the satellite and in situ data sets used for this study. Section 3 discusses how a global chemical transport model (GEOS-Chem) is used as a validation tool. Comparisons between the satellite and in situ measurements are displayed and discussed in section 4. The ozone production efficiency is described and is calculated using ACE-FTS measurements in section 5.
Data Description

OSIRIS
[6] OSIRIS was launched on the Odin satellite in 2001 [Llewellyn et al., 2004] . The OSIRIS spectrograph measures scattered sunlight in the limb with wavelengths ranging from ultraviolet to infrared (280 to 800 nm) with 1 nm spectral resolution [von Savigny et al., 2005] . Observations are made between 6 and 60 km with a horizontal resolution of 500 to 1000 km and a vertical resolution of 2 km [McLinden et al., 2007] . The polar, Sun-synchronous, nearterminator orbit of Odin allows for OSIRIS to provide yearround coverage in the tropics, but no coverage in the winter hemisphere due to large solar zenith angles.
[7] This study uses the SaskMART ozone product version 5 for orbits occurring between October 2001 to March 2010 [Degenstein et al., 2009] . Individual sources of error are less than 5% throughout most of the stratosphere, but high altitude clouds may cause larger retrieval errors in the tropical upper troposphere and lower stratosphere [von Savigny et al., 2005] . OSIRIS ozone retrievals have been found to be accurate to within 4-8% in the stratosphere between 15 and 32 km with a total error of 10% [Petelina et al., 2004; von Savigny et al., 2005] , however uncertainties increase at lower altitudes, up to 25-30% at 10 km [McLinden et al., 2007] .
ACE-FTS
[8] ACE is a Canadian-led mission on the SCISAT satellite [Bernath et al., 2005] . The main instrument is the ACE-FTS which measures infrared radiation (750 to 4400 cm −1 ) at a high spectral resolution (0.02 cm −1 ). ACE-FTS is a solar occultation instrument; the instrument takes a series of measurements while observing the sun rise and set over Earth as it orbits, where each measurement represents a different raypath [Boone and Bernath, 2002] . The orbit of SCISAT is such that it observes up to 15 sunrises and sunsets per day, allowing for global coverage over several years. SCISAT's circular low-Earth orbit is optimized for high latitudes and thus provides only medium coverage in the tropics [Bernath, 2006] . Retrievals of more than 30 atmospheric species extend from cloud top to 100-150 km altitude with a maximum vertical resolution better than 3 km [Hegglin et al., 2008] . Retrieval version 3 is used here for both ozone and nitric acid measurements spanning January 2004 to August 2010. We exclude all HNO 3 data more than two standard deviations from the median, as a small percentage of the retrievals produced unrealistically high concentrations; this eliminated less than 8% of the data and reduced the bias in section 4. Excluding outliers for O 3 had no significant effect; we retained all O 3 data. ACE-FTS retrievals of NO, NO 2 and CO are also used in this study.
[9] ACE-FTS stratospheric ozone measurements agree to within 10% with ozonesondes and other satellite instruments, including OSIRIS, with ACE-FTS retrievals typically reporting higher values [Dupuy et al., 2009] . These differences increase below 16 km due to increased ozone variability, cloud contamination, and decreased instrument sensitivity [Dupuy et al., 2009] . Comparisons with aircraft measurements between 5 km and the tropopause over Europe indicate a high bias in ACE-FTS O 3 of 18-25% [Hegglin et al., 2008] . ACE-FTS HNO 3 profiles agree with satellite, aircraft, ground-based and balloon observations to within ±1 ppbv in the stratosphere [Wolff et al., 2008] .
In Situ Data
[10] Sources of in situ data used in this study include ozonesondes and aircraft campaigns. Ozonesondes used here are part of the Southern Hemisphere Additional Ozonesondes (SHADOZ, http://croc.gsfc.nasa.gov/shadoz/) network, a group of 16 ozonesonde sites in the southern tropics [Thompson et al., 2003a [Thompson et al., , 2003b . Additional ozonesonde data were provided by the World Ozone and Ultraviolet Radiation Data Center (WOUDC, http://www.woudc.org). Given that ozonesondes are launched only 2-3 times a month, seasonal mean values over multiple years provide sufficient observations for accurate climatologies [Logan, 1999] . [Marenco et al., 1998; Volz-Thomas et al., 2005] . The MOZAIC program places instruments onboard commercial aircraft to measure water vapor, ozone, NO y and CO at cruising altitudes between 9 and 12 km. Measurement precision is estimated to be 2 ppbv ± 2% or better for each 4 s measurement for tropospheric ozone concentrations, and ozone climatologies produced from MOZAIC observations agree with ozonesondes to within their uncertainties [Thouret et al., 1998a [Thouret et al., , 1998b . NO y measurement precision is given as better than 50 pptv for a 4 s integration time, however the overall statistical error can be up to 200 pptv for measurements in the tropical upper troposphere [Volz-Thomas et al., 2005] . Ozone measurements from 1500 flights in the tropics (20°N-20°S) between 1994 and 2006 and NO y measurements from 160 flights from 2001 to 2005 are used here.
[11] Measurements of O 3 and HNO 3 from several aircraft campaigns are used in this study. Data from the NASA WB-57F high-altitude research aircraft were collected for the NOAA Pre-Aura Validation Experiment (PRE-AVE) in January and February 2004 and the Costa Rica Aura Validation Experiment (CR-AVE) in February 2006 [Popp et al., 2009] . Additional flights originating in Costa Rica and Panama were part of the Tropical Composition, Cloud and Climate Coupling (TC4) in July and August 2007 [Toon et al., 2010] . HNO 3 measurement accuracy for a 10 s interval is reported as 25% with a precision of 40 pptv or better, and O 3 measurements are accurate to within 5% [Popp et al., 2009] . TC4, CR-AVE and PRE-AVE data are available at the NASA Earth Science Project Office Archives (http:// espoarchive.nasa.gov). Measurements across the tropical Pacific were taken by instruments onboard the NASA DC-8 as part of the Pacific Exploratory Mission in the Tropical Pacific (PEM-Tropics) Raper et al., 2001] . Phase A of the mission occurred AugustSeptember 1996 while Phase B followed in March-April 1999. HNO 3 measurement accuracy is reported as 30-35% and O 3 measurement accuracy is reported at 3% . PEM-Tropics data are available at the NASA Global Tropospheric Experiment Field Missions archive (http:// www-gte.larc.nasa.gov/gte_fld.htm).
Tropopause Altitude
[12] Knowledge of the tropopause altitude is useful when comparing measurements in the upper troposphere as large vertical gradients may occur in the tropopause region [Liu et al., 2006] . A thermal tropopause is often appropriate in the tropics, while a dynamic tropopause based on potential vorticity may be more appropriate at midlatitudes [Hoinka, 1998] . For ACE-FTS we use the combined thermal-dynamic tropopause that is already available as one of the Derived Meteorological Products [Manney et al., 2007] . For OSIRIS, MOZAIC, ozonesondes and GEOSChem, we calculate the tropopause as the lowest altitude from either the thermal or dynamic definition. The thermal tropopause is obtained from the NCEP Reanalysis data provided by the NOAA/OAR/ESRL PSD, which defines the tropopause as the lowest level where the temperature lapse rate is less than 2 K/km [Kalnay et al., 1996] (http://www.esrl.noaa.gov/ psd). The dynamic tropopause is defined as the lowest level where potential vorticity exceeds 2.5 × 10
following Liu et al. [2006] . Potential vorticity profiles were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim data, provided by ECMWF. We reject all data within 2 km of the tropopause to account for the satellite vertical resolution and avoid stratospheric air.
Using a Model as an Evaluation Tool
[13] Tropospheric ozone concentrations are subject to substantial geophysical variability. As both the ozonesonde and aircraft observation networks have restricted spatial distributions and sampling times, coincident measurements between in situ and satellite data can be infrequent.
[14] A global 3-D model can help bridge the gap between localized in situ measurements and the global coverage provided by the satellite instruments. This study utilizes the GEOS-Chem model which is described in the Appendix. A seasonal mean simulated ozone profile was produced by sampling the GEOS-Chem model at the ozonesonde or MOZAIC flight path locations. These profiles were then compared to simulated seasonal mean ozone profiles over larger domains surrounding the measurement sites. Domain boundaries for comparison of satellite and in situ data were chosen to maximize the area of each region while ensuring that the simulated seasonal mean domain average profile agreed with the locally sampled simulated seasonal mean profiles to within 5 ppbv for all altitudes between 7 and 14 km. This method maximizes the number of satellite observations that fall in each domain while limiting errors due to spatial variations between flight paths, ozonesonde locations and satellite observation locations. This method also allows comparisons to be made using noncoincident measurements by comparing seasonal mean profiles for each region.
[15] The satellite measurements can also be indirectly compared with the in situ observations using a model as a transfer function. This approach is of particular value for comparing short duration aircraft campaigns with satellite observations, as is done here for the evaluation of ACE-FTS HNO 3 . GEOS-Chem has been previously used as an 1969-1976, 1982-1986, 1994-2009 1969-1976, 1982-1986, 1996-2009 intermediary step for evaluation of satellite retrievals [Zhang et al., 2010] .
Evaluation Results
Ozone Evaluation
[16] Figure 1 shows the eight regions used for our global evaluation of ACE-FTS and OSIRIS measurements. The boundaries of these regions were chosen following the method outlined in section 3. MOZAIC data are used in the boxes over Central Asia, Africa and the North Atlantic, and ozonesondes are used in the Tropical Atlantic (Ascension), Africa (Nairobi), Oceania (Kuala Lumpur, Java) and three Pacific regions (Hilo in North Pacific, San Cristobal and Costa Rica in East Pacific, Fiji and Samoa in South Pacific).
[17] Figure 2 shows seasonal mean ozone profiles and their standard errors within each region. Seasonal mean ozone concentrations from in situ measurements in the upper troposphere range from 30 ppbv over the tropical Pacific in December-February due to persistent deep convection [Folkins et al., 2002] to 70 ppbv over Africa in September-November due to a combination of lightning and biomass burning [Thompson et al., 1996] . The small standard errors indicate sufficient observations to assess bias, with the exception of some ACE-FTS mean profiles that were calculated using a small number of observations. As described in section 3, we estimate the uncertainty in the comparison of point observations from ozonesondes and flight paths with satellite observations over the eight larger domains to be less than 5 ppbv. [18] The agreement between seasonal mean satellite profiles and the in situ observations is variable. In some cases, such as the East Pacific in MAM, the observational data sets agree well. In other cases, such as the East Pacific in DJF, significant differences exist. Regional differences are summarized in Table 2 . In the global annual mean, both OSIRIS and ACE-FTS tend to be biased high. OSIRIS ozone concentrations are on average 5% higher (RMSE = 4 ppbv) than the MOZAIC profiles and 5% higher (RMSE = 8 ppbv) than the ozonesondes. This is an improvement compared to the retrieval version 2.1 evaluation in the lower stratosphere by McLinden et al. [2007] . Although the relatively lower number of ACE-FTS measurements in each region increases scatter, the ACE-FTS profiles have significant mean biases of 10% versus MOZAIC (RMSE = 18 ppbv) and 13% versus ozonesondes (RMSE = 10 ppbv). This is an improvement compared with previous ACE-FTS validation efforts over Europe, which found a positive bias of 25% in ACE-FTS O 3 in the upper troposphere [Hegglin et al., 2008] . Excluding satellite data outside three standard deviations of the median changed annual mean ozone profiles by less than 3% for OSIRIS and less than 1% for ACE-FTS.
[19] Seasonal mean simulated O 3 profiles from GEOSChem generally agree with the in situ observations to within 10 ppbv (mean bias 4% for MOZAIC, 3% for ozonesondes), the most prominent discrepancy is over Central Asia during DJF when the simulated ozone is higher than MOZAIC by 20%, perhaps reflecting issues in representing stratospheretroposphere exchange [Zhang et al., 2010] .
[20] Figure 3 shows maps of seasonal mean upper tropospheric (10-12 km) ozone concentrations from GEOS-Chem, MOZAIC and both satellite instruments. Ozonesondes listed in Table 1 are also displayed. All maps broadly indicate the wave-one pattern of higher O 3 concentrations over the tropical Atlantic Ocean than the Pacific [Thompson et al., 2003b] . This pattern reflects ozone production from lightning and persistent subsidence over the tropical Atlantic [Martin et al., 2002] . We compare the tropical seasonal mean ozone concentrations from GEOS-Chem and MOZAIC with the seasonal mean concentrations from the satellite retrievals. MOZAIC and GEOS-Chem show good agreement throughout the tropics (r = 0.5, mean bias 7%, RMSE = 11 ppbv) although GEOS-Chem ozone concentrations in the northern subtropics are higher than MOZAIC particularly during March-May. Zhang et al. [2010] also found indications of a model overestimation versus ozonesondes at midlatitudes, which may be related to excessive stratospheric influx. Both ACE-FTS and OSIRIS have modest agreement with MOZAIC (r = 0.4, RMSE = 22 ppbv, mean bias 15% for ACE-FTS, r = 0.2, RMSE = 24 ppbv, mean bias 20% for OSIRIS) and GEOS-Chem (r = 0.5, RMSE = 7 ppbv, mean bias 7% for ACE-FTS, r = 0.4, RMSE = 20 ppbv, mean bias 10% for OSIRIS). The differences between the satellites, MOZAIC and GEOS-Chem are also displayed in Figure 3. 
Nitric Acid Evaluation
[21] While SHADOZ and MOZAIC provide sufficient observations for ozone comparisons, a comprehensive set of in situ HNO 3 measurements is not available. Instead, aircraft measurements of HNO 3 from aircraft campaigns (CR-AVE, PRE-AVE, TC4, PEM Tropics) and of NO y from MOZAIC are used to evaluate GEOS-Chem, which is in turn compared with ACE-FTS HNO 3 retrievals.
[22] Aircraft measurements were used to evaluate GEOSChem by sampling the simulation along the flight paths. Figure 4a shows mean HNO 3 concentrations over the four campaigns. Mean HNO 3 concentrations are typically less than 0.1 ppbv throughout the upper troposphere. The average simulated profile shows HNO 3 concentrations that agree with the aircraft measurements above 11.5 km, however the simulated HNO 3 concentrations are 50% lower than the aircraft measurements between 10 and 11.5 km. Direct comparison of ACE-FTS versus aircraft measurements is inhibited by their lack of coincidence during their short campaigns, and by the high HNO 3 variability. For further insight, we compared ACE-FTS to GEOS-Chem by sampling a monthly mean model simulation at the ACE occultation locations in Figure 4b . ACE-FTS measurements are 38% higher than the modeled profile between 10 and 14 km. Some of this difference may be due to large spatial and temporal variations of HNO 3 that are not captured by the model.
[23] MOZAIC total odd nitrogen (NO y ) measurements are also used to evaluate ACE-FTS and GEOS-Chem as HNO 3 can represent up to 50% of NO y in the tropical troposphere [Kasibhatla et al., 1993; Folkins et al., 2006] . We approximate NO y as NO + NO 2 + HNO 3 , as these species provide the largest contributions to NO y and are regularly retrieved by ACE-FTS. PAN can provide a significant contribution to NO y , however it is not regularly retrieved by ACE-FTS. Therefore we exclude regions where simulated PAN represents more than 30% of the total simulated NO y .
[24] Figure 5 shows maps of annual mean NO y concentrations in the tropical upper troposphere from MOZAIC, ACE-FTS and GEOS-Chem. The spatial distribution of ACE-FTS and GEOS-Chem NO y exhibit a wave-1 pattern showing a maximum over Africa and a minimum over the Pacific, similar to that found by Martin et al. [2007] for HNO 3 . Simulated NO y concentrations show some similarities in spatial structure with a mean negative bias versus MOZAIC of 9%. The largest discrepancies are found in regions with few MOZAIC flights, such as Southeast Asia. However, both ACE-FTS NO y and HNO 3 are significantly larger than the simulated values (mean bias 29% for HNO 3 , mean bias 23% for NO y ). Adding simulated PAN to the ACE-FTS NO y would increase the mean bias to 55%. Including data lying outside two standard deviations of the median would increase the mean bias to 50%.
[25] In summary, both the comparisons with CR-AVE and MOZAIC provide evidence of a positive bias in ACE-FTS. The larger spatial and temporal domain of the comparison with MOZAIC yields a more quantitative estimate. Considering the negative bias in the simulated NO y versus MOZIAC, we find evidence of a positive mean bias in ACE-FTS HNO 3 of 15%. This bias is greater than the error found in stratospheric validations [Wolff et al., 2008] , but consistent with the validation over Europe by Hegglin et al. [2008] . This evaluation shows improvement in the ACE-FTS version 3 retrievals, especially in the middle troposphere, when compared to previous studies of ACE-FTS [Folkins et al., 2006] . In the next section, we will use the biases inferred here.
Ozone Production Efficiency
Estimating Ozone Production Efficiency
[26] We go on to develop a method to interpret the ACE-FTS observations for insight into the ozone production efficiency (OPE). OPE can be defined as the number of O 3 molecules produced per NO x molecule consumed [Liu et al., 1987] . Several studies have calculated OPE using aircraft or surface measurements of O 3 and HNO 3 . Near-surface OPE has been found to range from 2 mol/mol in polluted urban regions [Kleinman et al., 2000] to 10 mol/mol in rural areas [Trainer et al., 1993] . These studies show that OPE increases with decreasing NO x [Kleinman et al., 2002] . OPE is greater in the free troposphere than at the surface due to low NO x concentrations as well as low humidity and more intense solar radiation [Sauvage et al., 2007a] . Hudman et al. [2004] used aircraft observations of a pollution plume crossing the Pacific Ocean to estimate the OPE in the middle troposphere as 53 mol/mol.
[27] ACE-FTS measurements of upper tropospheric O 3 and HNO 3 can be used to estimate OPE. Convective outflow in the upper troposphere contains some initial ozone and NO x concentration but is depleted of HNO 3 due to its high solubility . Ozone is produced in the presence of NO x during transport until the cycle is broken by oxidation of NO x to HNO 3 . The loss of NO x is therefore nearly equivalent to HNO 3 production, and the OPE can be inferred by the ratio of O 3 production to HNO 3 production.
This expression assumes that O 3 and HNO 3 losses are small. The assumption is reasonable in the tropical upper troposphere, given the long lifetimes of O 3 and HNO 3 in this region. However, the lifetime of the O 3 family (O x ) is longer (90 days in GEOS-Chem) than that of HNO 3 scavenging (75 days in GEOS-Chem). This lifetime difference lowers HNO 3 concentrations and causes an overestimation of OPE. For this reason, the OPE calculation presented here should be considered an upper limit.
[28] We tested the method by comparing a GEOS-Chem calculation of OPE based on O 3 and HNO 3 production rates with an estimate of OPE using a scatterplot of annual mean simulated O 3 and HNO 3 . OPE calculated from O 3 and HNO 3 production rates is 26% lower than that estimated from O 3 and HNO 3 concentrations, confirming our expectations of an upper limit. Sampling the model at ACE-FTS measurement locations did not change the tropical mean OPE, indicating that the OPE estimate is not sensitive to ACE-FTS sampling. We also tested the sensitivity to dynamics of the OPE estimated from HNO 3 and O 3 concentrations. We estimated the OPE for two different assimilation systems (GEOS-4 and GEOS-5) that use different convective parameterizations, which lead to variations in the height and intensity of convective outflow in the upper troposphere [Folkins et al., 2006; Wu et al., 2007] . The OPE estimates differed by <2%, indicating this method has little sensitivity to dynamics.
[29] We go on to apply our method to the ACE-FTS data. Figure 6 shows a scatterplot of ACE-FTS O 3 and HNO 3 data between 20°N and 20°S at 11.5 km in the tropical upper troposphere. Each point represents an average of ACE-FTS O 3 and HNO 3 over 2°latitude and 2.5°longitude. The Figure 6 . Scatterplot of ACE-FTS O3 versus HNO 3 used to infer ozone production efficiency (OPE) at 11.5 km. Each point represents a monthly mean of ACE-FTS measurements on a 2°latitude by 2.5°longitude grid in the tropics (20°N-20°S) . The line of best fit is determined by reduced major-axis linear regression [Miller and Kahn, 1962] . (20°N-20°S, 150°E-50°W ) at 11.5 km are shown here. The vertical range for aircraft measurements is 8-12 km. Each point represents an average measurement on a 2°latitude by 2.5°longitude grid. Lines of best fit for ACE-FTS (red) and all aircraft (black) data in this region are determined by reduced major-axis linear regression [Miller and Kahn, 1962] . significant correlation (0.7) between the two species implies a single chemical system. As demonstrated in equation (1), OPE is given by the slope of the line of best fit for this plot, which is found by a reduced major axis regression [Miller and Kahn, 1962] to be 196 (+34, −61) mol/mol. The method for determining the uncertainty is described below. While 11.5 km was chosen here, OPE estimations from ACE-FTS were consistent between 8 and 12 km. Above 12 km, OPE increases with altitude (DOPE/Dz = 40 ± 10 mol/mol/km).
[30] O 3 and HNO 3 measurements from ACE-FTS and aircraft campaigns over the tropical Pacific are shown in Figure 7 . Both data sets show similar correlation, and a line fitted to the aircraft data shows a tropical mean in situ OPE estimate that is within 15% of the one found using satellite observations. Differences may reflect different sampling domains. The higher correlation in ACE-FTS (0.8) versus the aircraft data (0.6) could indicate the benefit of sampling a larger air mass.
[31] We explore the horizontal variation in the estimate. [Liu et al., 1987; Lin et al., 1988; Trainer et al., 1993; Kleinman et al., 2002] .
[32] We compare the OPE estimate from ACE-FTS with OPE calculated from GEOS-Chem O 3 and HNO 3 production rates, which are shown in Figure 8 . OPE ranges from 100 to 150 mol/mol or higher throughout the middle and upper troposphere over the tropical South Atlantic [Sauvage et al., 2007a] , and over the tropical Pacific can exceed 200 mol/ mol. These values are lower than those from ACE-FTS, but agree within their uncertainty. Satellite measurements of O 3 and HNO 3 with higher measurement density could yield a spatially resolved OPE estimate.
Uncertainty in the OPE Estimate
[33] Here we examine sources of error in the ACE-FTS OPE estimate. The estimate is based on the assumption that the O 3 and HNO 3 concentrations in air exiting a convective updraft are constant throughout the tropics. In practice, higher O 3 concentrations in convective outflow can occur over polluted regions. We examine this issue using ACE-FTS CO measurements as a tracer for convective outflow of pollution. As the convective outflow from a cloud will have little HNO 3 due to wet deposition, the intercept of [34] We estimate the OPE uncertainty due to the initial conditions of the convective outflow as the change in OPE due to a 1s perturbation of CO. The OPE calculation decreases with increasing CO concentrations (DOPE/DCO = −1.5 ± 0.1, r = −0.99), indicating that OPE is lower over regions with enhanced pollution outflow into the upper troposphere. An inverse relationship between CO and OPE is also found in calculations using measurements from PEM-Tropics (DOPE/DCO = −2.9 ± 0.5, r = −0.94). This does not imply that OPE is inversely related to CO concentrations themselves, as CO is used here only as a tracer for pollution. Using the mean ACE-FTS tropical upper tropospheric CO (85 ± 23 ppbv) and the value of DOPE/ DCO we estimate that perturbing the initial CO conditions by one standard deviation would cause an OPE change of 33 mol/mol.
[35] In addition to errors from sensitivity to pollution outflow (d p = 33 mol/mol), the uncertainty of our OPE Here dp is the error in the OPE estimate due to sensitivity to polluted outflow and dr is the uncertainty in the OPE estimate from the standard error of the reduced major axis regression. Figure 8 . Simulated annual mean ozone production efficiency at 11 km, determined from GEOS-Chem simulated O 3 and HNO 3 production rates. estimation contains contributions from the standard error of the reduced major axis regression (d r ) as well as biases in the ACE-FTS measurements (d b ). The standard error of the slope in Figure 6 as defined by Miller and Kahn [1962] is d r = 8 mol/mol. The uncertainty due to ACE-FTS biases was calculated by reducing the O 3 and HNO 3 by their respective mean biases (assuming 12% bias for O 3 , 15% bias for HNO 3 ) and recalculating OPE. As OPE is estimated by a ratio of O 3 and HNO 3 and the biases are of similar magnitude, the biases partly cancel resulting in an uncertainty of d b = 5 mol/mol. Section 5.1 found that OPE estimated from the slope of O 3 and HNO 3 was biased high by 26%. Combining these errors in quadrature yields a combined global error of (+34, −61) mol/mol.
Conclusion
[36] This study evaluates OSIRIS O 3 , ACE-FTS O 3 , and ACE-FTS HNO 3 retrievals. Our focus was on the tropical troposphere, as these instruments had not been thoroughly evaluated in this region. Seasonal mean ozone profiles over eight regions were compared with measurements from the MOZAIC aircraft program and from ozonesondes. These regions were defined using the GEOS-Chem model to minimize sampling errors. Both satellite retrievals generally reproduce major ozone features in the upper troposphere such as summer enhancements at northern midlatitudes, and enhanced ozone concentrations over the tropical Atlantic versus the tropical Pacific. Annual mean O 3 concentrations in the upper troposphere from ACE-FTS are 10-13% higher than seasonal mean MOZAIC and ozonesonde profiles, while those from OSIRIS are higher by 5%. We indirectly evaluated ACE-FTS HNO 3 retrievals by comparing GEOSChem HNO 3 and NO y concentrations with aircraft measurements and ACE-FTS. GEOS-Chem HNO 3 mixing ratios generally agreed with aircraft measurements above 12 km and were 9% lower than MOZAIC NO y . Mean ACE-FTS measurements of HNO 3 are 29% higher on average than simulated values.
[37] Simultaneous measurements of HNO 3 and O 3 by ACE-FTS allowed for a calculation of an upper limit on the annual mean ozone production efficiency in the tropical troposphere. The ACE-FTS biases in O 3 and HNO 3 partially cancel in their ratio. A value of 196 (+34, −61) moles of O 3 produced per mole NO x consumed was found and is consistent with the range of values seen in GEOS-Chem simulations. The ozone production efficiency of 249 (+21, −68) mol/mol inferred from ACE-FTS over the tropical Pacific is considerably larger than that of 146 (+16, −41) mol/mol over the tropical Atlantic, reflecting a decreased ozone production efficiency in a region where convective outflow is more polluted. Future improvement of satellite retrievals could yield a more refined estimate of the ozone production efficiency.
Appendix A: The GEOS-Chem Model
[38] The GEOS-Chem global 3-D chemical transport model [Bey et al., 2001 ] is used in this study as a tool to aid comparisons between in situ and satellite comparisons. The simulation is driven by assimilated meteorological data from the Goddard Earth Observing System (GEOS) at the NASA Global Modeling and Assimilation Office (GMAO). Version 7-02-04 (http://geos-chem.org) is used here at 4°× 5°r esolution with GEOS-4 meteorological fields for the year 2000. The tropical tropospheric ozone simulation for this version has been thoroughly evaluated by Sauvage et al. [2007b] . GEOS-4 data extend from the surface to 0.1 hPa including approximately 16 levels in the troposphere.
[39] The model includes a detailed simulation of tropospheric ozone-NO x -hydrocarbon chemistry as well as of aerosols and their precursors. NO x emissions from biomass burning, soils, lightning and anthropogenic sources included in the model have been recently described by Sauvage et al. [2007b] . The lightning parameterization is based on work by Price and Rind [1992] with vertical profiles from Pickering et al. [1998] . The lightning NO x source is 5 Tg N/yr globally with 3 Tg occurring in the tropics between ±20°lati-tude. The spatial distribution of lightning is scaled to match the seasonal mean lightning flash rates as observed by the OTD and LIS satellite instruments [Sauvage et al., 2007b] . HNO 3 scavenging by precipitation includes in-cloud and below-cloud scavenging by cloud droplets and ice crystals as described by Jacob et al. [2000] .
[40] GEOS-Chem has been used in several recent studies to interpret tropospheric ozone measurements from satellite instruments such as TES [Jourdain et al., 2007; Bowman et al., 2008; Zhang et al., 2008; Nassar et al., 2009] , OMI [Martin et al., 2007; Stajner et al., 2008; Zhang et al., 2010] , GOME [Liu et al., 2006; Sauvage et al., 2007a Sauvage et al., , 2007b , and TOMS and SAGE II [Choi et al., 2008] . The O 3 simulation has been extensively evaluated against in situ measurements [Jaeglé et al., 2003; Hudman et al., 2004 Hudman et al., , 2007 Li et al., 2004; Auvray et al., 2007; Sauvage et al., 2007b; Zhang et al., 2008; Nassar et al. 2009 ].
